The association between heat shock protein (HSP) 65 and immune diseases has been investigated for many years. The aim of this study was to explore the antitumor effects and possible antitumor mechanism of HSP65. Mice were immunized with HSP65 via subcutaneous injection. Specific IgG antibodies against HSP65 were detected in the sera of immunized mice by enzyme-linked immunosorbent assay and verified by western blot analysis. HSP65 effectively inhibited the growth of tumors as well as both the protective and therapeutic antitumor immunities in the melanoma tumor models of mice and prolonged the survival of the tumor-bearing mice. Furthermore, HSP65 also attenuated tumor-induced angiogenesis in the intradermal model and pulmonary metastasis in the tail intravenously injected model of mice. It was demonstrated that the administration of HSP65 is able to effectively inhibit the growth, angiogenesis and metastasis of murine melanoma in vivo and provide new prospects for the immunotherapy of melanoma.
Introduction
Melanoma ranks as one of the top 10 new types of cancer diagnoses in American males and females (1) . The worldwide incidence rate of melanoma is higher than that of other common cancers and doubles approximately every 10-20 years in the Caucasian populations, which has resulted in the greatest ever number of skin cancer-related mortalities (1) (2) (3) . Furthermore, melanoma with dissemination to distant sites and visceral organs is almost invariably incurable, with a median survival time of 8-9 months and a 3-year survival rate of 10-15% (4). Therefore, malignant melanoma is considered to be one of the most aggressive cancers and has thus become a substantial clinical challenge. It is imperative to establish novel strategies for the treatment of malignant melanoma that are able to improve the quality of life and survival of patients.
Heat shock proteins (HSPs) are widely distributed in nature and are among the most highly conserved molecules of the biosphere. The concentrations of HSPs in non-stressed cells are low, however they are high in stressed cells. Tumors are highlystressed collections of cells that are able to display or express HSPs on the surface, while normal cells do not (5) (6) (7) (8) . Recent research has revealed the role of HSPs in cancer (6, (9) (10) (11) (12) (13) . In the presence of HSPs, tumors not only cope with stresses via the cytoprotective activities of chaperones, but thrive with upregulated chaperone expression and activity (13) (14) (15) . It has been reported that overexpression of HSP60 could be utilized as a clinical assessment index (9) (10) (11) (14) (15) (16) (17) (18) .
As a member of the HSP60 family, HSP65 is able to induce humoral and cellular immune responses (16) and plays important roles in antigen presentation and cross-presentation (6, (17) (18) (19) . In this study, we investigated the effects of a HSP65 vaccine on the growth, angiogenesis and metastasis of B16-F10 melanoma cells in tumor-bearing mice. The results demonstrated that the HSP65 vaccine was able to markedly inhibit the growth of B16-F10 melanoma in vivo and prolong the survival of tumor-bearing mice, suggesting that HSP65 has potential clinical significance.
Materials and methods
Preparation of protein and animals. The HSP65 protein was prepared using the same method as previously described (20 Tumor cell lines. The B16-F10 cell line was maintained in our laboratory. Tumor cells were cultured in growth medium containing Dulbecco's modified Eagle's medium (Gibco, Carlsbad, CA, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Gibco), 2 mmol/l glutamine, 100 U/ml penicillin (Gibco) and 100 µg/ml streptomycin at 37˚C in a humidified atmosphere of 95% air/5% CO 2 .
Immunization and tumor challenge. Male C57BL/6 mice, age 5-6 weeks, were randomly divided into a phosphate-buffered saline (PBS) group and a HSP65 group (20 in each group). The HSP65 group were subcutaneously injected into the left flank with purified protein HSP65 (50 µg in a final volume of 100 µl PBS) 6 times at biweekly intervals. Control mice were administered an equal volume of blank PBS. Sera were collected weekly for immunoassay following the initial immunization. Tumor challenge was performed by the subcutaneous injection of murine melanoma cells (5x10 5 cells in 100 µl PBS) into the right flank of all mice on the 14th day following the last immunization (Fig. 1A ). Tumors were measured in two dimensions using a caliper every 2 days following the tumor challenge (Fig. 1B) . The tumor volume was calculated as follows: length x width 2 x 0.4 (21) . On day 14 following the challenge of tumor cells, half of the mice (10 per group) were sacrificed for tumor weight analysis ( Fig. 1C and D) . Subsequently, formalin fixation was performed to prepare for hematoxylin and eosin (H&E) staining and immunohistochemical analysis. The other half of the mice were used for the survival monitoring experiment (Fig. 1E) .
Western blot analysis for specificity of anti-HSP65 antibodies.
Western blot analysis was used to analyze the specificity of the anti-HSP65 antibodies from the mice immunized with HSP65. The purified protein HSP65 (in the presence of DTT) was electrophoresed on a 12% sodium dodecyl sulfate polyacrylamide gel electropheresis (SDS-PAGE) gel under denaturing conditions, and then transferred to a nitrocellulose membrane (Millipore, Billerica, MA, USA). The membrane was blocked with 5% bovine serum albumin (BSA; Sigma, St. Louis, MO, USA), washed and probed with mice sera at 1:50 for 1 h at 37˚C, followed by utilization of horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (Sigma) ( Fig. 2A) . The reaction was completed with 0.05% 3,3'-diaminobenzidine and 0.012% H 2 O 2 for 15 min at 37˚C.
Enzyme-linked immunosorbent assay (ELISA) for anti-HSP65
IgG. Humoral immune responses to HSP65 were measured using an indirect ELISA as previously described (22) . Briefly, 96-well flat-bottomed ELISA plates (Corning Costar, Acton, MA, USA) were coated with 100 µl/well of HSP65 protein (50 µg/well) conjugated with 5% BSA in 0.1 mM carbonatebicarbonate buffer and stored overnight at 4˚C. Plates were blocked with PBS containing 5% (w/v) BSA for 1 h and then incubated with 100 µl/well 1:100 dilution of serum collected from the immunized animals in PBS containing 2% BSA. Following incubation for 1 h at 37˚C, wells were washed with PBST (PBS containing 0.1% Tween-20) three times, and then incubated with 100 µl/well of HRP-conjugated goat antimouse IgG (Sigma) diluted at 1:20,000 in PBS containing 1% BSA for 1 h at 37˚C. Wells were intensively washed 6 times in PBST and then incubated with 100 µl/well peroxidase substrate 0.01% 3,3',5,5'-tetramethylbenzidine (TMB) and 0.24% (w/v) H 2 O 2 -urea solubilized in 0.2 M Na 2 HPO 4 to 0.1 M citrate buffer (pH 5.5) for 20 min at 37˚C. The reaction was terminated with 50 µl/well of 2 M H 2 SO 4 and finally the optical density 450 (OD450) value was measured using an ELISA reader (Bio-Rad, Hercules, CA, USA) (Fig. 2B) . 
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Tumor therapy efficacy of HSP65 protein in C57BL/6 mice. For tumor therapy experiments, two groups of C57BL/6 mice (10 per group) were injected subcutaneously into the right flank with 5x10 5 of B16-F10 cells per mouse on day 0. The HSP65 group of mice were immunized subcutaneously into the left flank with the purified protein HSP65 (50 µg in a final volume of 100 µl PBS) on day 1. Booster injections were provided 1 week later subcutaneously in the left flank with purified protein HSP65 (Fig. 3A) . The control group was administered an equal volume of blank PBS. Tumors were measured in two dimensions using a caliper every 2 days following the tumor challenge (Fig. 3B) . All mice were sacrificed for tumor weight analysis 1 week after the challenge of tumor cells (Fig. 3C and D) .
In vivo angiogenesis assay. To evaluate the effect of HSP65 on the neovascularization of the B16-F10 tumor, an intradermal tumor model was employed. In the model, neovasculature, discerned predominantly at the tumor periphery, was quantified using the vessel counting method as described by Kreisle (23) . Briefly, 2 groups of mice (6 mice per group) were vaccinated with PBS or HSP65 6 times at biweekly intervals, respectively. An intracutaneous transplantation experiment was then performed by injecting 5x10 5 B16-F10 cells in 50 µl of PBS into the mice at two sites in the abdominal region 2 weeks after the last immunization (Fig. 4A) . On day 7 after the tumor implantation, all mice were sacrificed and the tumors were isolated for neovascularization analysis (Fig. 4B) . For vessel counting, sections containing tumors were visualized using light microscopy (magnification, x10), and the total number of blood vessels (major vessels and branching points) within a 1-cm 2 area around each implant site was determined.
Experimental lung metastasis model. To evaluate the influence of HSP65 on the pulmonary metastasis of B16-F10 tumor, the tail intravenously-injected tumor model was used. Two groups of mice (10 each group) were vaccinated with PBS or HSP65 6 times at biweekly intervals, respectively. B16-F10 melanoma cells (5x10 5 cells/mouse) were injected into the tail veins of these mice 2 weeks after the last immunization (Fig. 4C) . On day 21 after the challenge of tumor cells, all the mice were sacrificed for lung tumor analysis (Fig. 4D) .
Statistical analysis. Data are expressed as the mean ± standard deviation (SD). A Student's t-test was used to calculate the significance among the groups. P<0.05 was considered to indicate a statistically significant difference.
Results

Western blot analysis of anti-HSP65 antibody.
To determine the specificity of the antibodies from the mice immunized with HSP65, HSP65 was processed for western blot analysis using the antisera from mice vaccinated with HSP65. Antibodies representing HSP65 (lane 2) suggested that the antibodies specifically recognized the HSP65 antigen ( Fig. 2A) .
ELISA for anti-HSP65 IgG. In order to investigate whether the HSP65 protein vaccine was able to enhance the immunogenicity of the anti-HSP65 vaccine, an ELISA assay was conducted to determine the concentrations of anti-HSP65 antibodies in the sera collected from the mice immunized with HSP65 and PBS, respectively. HSP65-specific IgG antibody responses were evident in the mice immunized with HSP65, exhibiting a peak 3 weeks after the vaccination (Fig. 2B) . In contrast, no antibody was elicited in the mice vaccinated with PBS. These observations indicate that HSP65 was capable of inducing an intense immune response.
Tumor protection efficacy of HSP65. To investigate whether HSP65 immunization was able to inhibit the growth of B16-F10 tumors in mice, a B16-F10 tumor model was utilized. Four weeks after the last immunization, half of the mice (10 per group) were sacrificed and the tumors were removed for tumor weight analysis. The growth of the tumor was monitored for 2 weeks (Fig. 1A) . HSP65 immunization significantly inhibited the growth of B16-F10 tumor in mice (Fig. 1B) . The mean tumor weight of the mice immunized with HSP65 was significantly lower than that of the PBS group (P<0.05; Fig. 1C and D) . In the survival monitoring experiment, all mice in the PBS group died, while 33.33% of the mice remained alive in the group immunized with HSP65 day 27 post-tumor implantation, displaying a prolonged survival. These results demonstrate that HSP65 effectively inhibited the growth of B16-F10 cells and prolonged the survival of mice (Fig. 1E) .
Therapeutic efficacy of HSP65 on tumors. In order to determine the therapeutic effect of HSP65, two groups of C57BL/6 mice (10 mice per group) were inoculated with B16-F10 tumor cells (5x10 5 /mouse) on day 0 (Fig. 3A) . The growth of the A B C tumor was monitored for 2 weeks. In comparison with the PBS control group, tumor growth was significantly inhibited in the mice immunized with HSP65 (Fig. 3B) . The mean tumor weight of the mice immunized with HSP65 was significantly lower than that of the PBS group (P<0.05; Fig. 3C and D) .
Neovascularization inhibition. In order to evaluate the effect of HSP65 immunization on angiogenesis, a B16-F10 tumor model was applied. On day 7 after the challenge of tumor cells, all the mice were sacrificed for tumor analysis (Fig. 4A) . For angiogenesis, the total number of blood vessels around each implant site from the mice immunized with HSP65 was significantly lower than that from the PBS group mice (Fig. 4B) .
Pulmonary metastasis inhibition. The anti-metastatic effects of HSP65 were evaluated in the tail intravenously-injected model of mice inoculated with B16-F10 melanoma cells. On day 21 after the tumor cell challenge, all mice were sacrificed for lung tumor analysis (Fig. 4C ). In the PBS group, three of the mice exhibited serious invasions of tumor cells in their lungs, which were completely surrounded by black tumors (data not shown). However, none of the HSP65 pretreated mice demonstrated the same phenomena, and the lung weights of the HSP65 group were much lower than those of the PBS group (P<0.05; Fig. 4D ).
Photomicrographs of the pathological slices of tumors. H&E staining of the liver, lungs, heart, kidneys and spleen of the mice revealed no significant pathological changes between the HSP65 group and the PBS group (data not shown).
Immunohistochemical analysis demonstrated that HSP65 immunization downregulated vascular endothelial growth factor (VEGF) expression in tumor tissues (Fig. 5 ).
Discussion
In this study, the antitumor effects and possible antitumor mechanism of HSP65 were explored. Mice were immunized with HSP65, and HSP65-specific antibodies were detected from the immunized mice sera. The growth, angiogenesis and metastasis of B16-F10 melanoma cells were significantly inhibited in vivo by the administration of HSP65, and the survival of vaccinated mice were prolonged as a result. VEGF expression was downregulated by HSP65 vaccination. To our knowledge, this is the first study to demonstrate that vaccination with the HSP65 protein inhibits the growth of B16-F10 murine melanoma cells in mice. HSP60 is overexpressed in the majority of tumor cells (9) (10) (11) (14) (15) (16) (17) (18) . It has been demonstrated that HSP60 accumulates in cancer cells and is involved in their survival (13, 14) . However, extracellular HSP60 mediates immunological functions to induce a specific antitumor immune response that is able to reject the tumor (19) . HSPs have remained almost unchanged throughout evolution, and greater than 50% of HSP65 is identical to HSP60 (19, (24) (25) (26) (27) . Owing to this homology, antibodies elicited against HSP65 are able to cross-react with HSP60 (28) . Results from ELISA and western blot analysis verified that HSP65 was able to trigger effective immune responses, resulting in specific anti-HSP65 IgG antibodies (Fig. 2) . The possible antitumor mechanism of HSP65 may be that the antibodies neutralized the elevated levels of HSP60 issued from the tumor cells, thereby blocking the activation of HSP60 in malignant melanoma cells.
Protein vaccination provides an attractive and acceptable strategy for cancer immunotherapy, accompanied by vaccine safety, cost-effectiveness and acceptance. A vaccination strategy against tumors may be considered successful after the demonstration of the inhibition of angiogenesis and metastasis of tumors.
Metastasis of tumor cells is difficult to approach in clinical therapeutics, as it induces cancer recurrence following surgery and may lead to the mortality of cancer patients. Malignant melanoma is among the most common causes accounting for 'metastatic cancer of unknown primary' (29) , and has been well-documented as an angiogenic tumor (30, 31) . Angiogenesis is critical for tumor growth and metastasis (2, , and the use of anti-angiogenic agents is becoming feasible as the fourth cancer treatment following surgery, chemotherapy and radiotherapy (2) .
Angiogenic signaling, which plays a critical role in melanoma, is mediated by pathways of growth factor receptors, including VEGF (35) . VEGF is a glycosylated, multifunctional cytokine that is abundantly expressed and secreted by the majority of human and animal tumors. It is considered to play essential roles in the migration, proliferation and differentiation of endothelial cells in the tumor environment (32, 36, 37) , and in the stimulation of angiogenesis and tumor growth (37) . VEGF has been revealed to be stimulated by intracellular HSP60 (38) , and thus could be inhibited by extracellular HSP65/60 immunointervention, as observed in this study. Photomicrographs of pathological sections from tumors in this study demonstrate that VEGF expression in the tumors of HSP65-preimmunized mice were downregulated (Fig. 5) , revealing that vaccination with HSP65 participated in the inhibition of tumor-induced angiogenesis and tumor growth (Fig. 4) . As a result, the growth of the solid tumor of B16-F10 was remarkably inhibited by HSP65 vaccination (Figs. 1 and 3) , which was demonstrated to be highly efficacious against B16-F10 tumors in vivo.
In conclusion, it has been preliminarily demonstrated that administration of the HSP65 protein is able to effectively inhibit the growth of B16-F10 melanoma in vivo. Further studies are required to investigate the anti-angiogenic mechanism of HSP65 and elucidate the underlying mechanism of HSP65 against melanoma.
